F amilial hypercholesterolemia (FH) is an autosomaldominant genetic disease that is a cause of prematureonset coronary heart disease. [1] [2] [3] Patients with FH may be partially responsive or poorly responsive to statins because of homozygous (2 defective alleles) or heterozygous (1 defective allele) mutations of the genes involved in low-density lipoprotein cholesterol (LDL-C) metabolism, such as those encoding the LDL receptor apoprotein B100 or proprotein convertase subtilisin/kexin type 9. 4 Given that the efficacy of statins depends in part on increasing LDL receptor activity, patients with homozygous FH (HoFH) and some patients with heterozygous FH (HeFH) with substantially reduced or absent LDL receptors may not experience adequate risk-stratified reduction in LDL-C levels with statin treatment. 4, 5 These patients must rely on more aggressive forms of treatment, such as LDL-C apheresis, to reduce LDL-C to recommended levels. 4, 6, 7 Apheresis is a procedure in which either the plasma is separated from red blood cells before the physical removal of LDL-C or the LDL-C is directly removed from whole blood. 8 It is currently the treatment of choice for patients with FH whose LDL-C levels are not able to be reduced to target levels with conventional lipid-lowering drug therapy. 8 Older studies have demonstrated that LDL-C apheresis is effective in reducing LDL-C levels and the incidence of cardiovascular events (CVEs). [9] [10] [11] [12] However, the follow-up periods of these studies are often too short to comprehensively determine the longer-term clinical benefits of apheresis in the FH population. As pointed out in the recent scientific statement from the American Heart Association regarding the agenda for FH identification and management, evidence gaps exist regarding the treatment and research of FH. 2 Further, the efficacy and treatment patterns of LDL-C apheresis in patients with FH have not been recently aggregated and assessed.
In this systematic review, we evaluate the current literature surrounding LDL-C apheresis treatment for patients with FH who are unable to manage LDL-C with conventional lipidlowering drug therapies.
Methods
Relevant articles assessing LDL-C apheresis in patients with HoFH and HeFH were searched by using PubMed (MEDLINE), EMBASE, and Cochrane Central Register of Controlled Trials. The literature search was performed using a combination of terms included in Table S1 . Country-specific health technology assessment (HTA) websites and the Centre for Reviews and Dissemination electronic bibliographic database were used to identify documents assessing LDL-C apheresis in patients with FH. References mentioned in the review articles were searched for the original source. Titles and abstracts from the search were screened against the inclusion/ exclusion criteria, and selections were reviewed by 2 reviewers; discrepancies were resolved by discussion. The inclusion criteria included articles written in English on LDL-C apheresis in patients with FH published between January 1, 2000, to October 10, 2013, for PubMed, EMBASE, and Cochrane Central Register of Controlled Trials, while no date restrictions were placed for HTA searches. E-publications ( articles not yet published and only available online) were not searched. Articles meeting the criteria were selected for full text review, and relevant data were abstracted where appropriate. Articles reviewed include clinical studies, guidelines, reviews, and observational studies. Those articles addressing nonapheresis lipid-lowering therapies, reporting studies assessing specific apheresis technology efficacy, and case studies were excluded. Results are reported by stratification of findings by FH type (ie, HoFH, HeFH, FH type unspecified) as reported in studies, wherever possible. Where other lipid-lowering background therapies (if any) were used, within a study in combination with LDL-C apheresis, the treatment effect attributable to LDL-C apheresis was reported (if available). Costs included in this review are US $2015 unless otherwise noted. Institutional review board approval was not obtained as our systematic literature review involved the retrospective analyses of prior published deidentified human studies.
Results
The literature search returned 189 unique citations, and 38 articles were retained after full-text review (Figure) . Retained articles included 17 reviews and guidelines (44.7%), 11 observational studies (28.9%), 8 open-label clinical trials (21.1%), and 2 HTA studies (5.3%).
Epidemiology
The prevalence of FH is not well characterized in many countries. Of the articles included in this review, 20 (52.6%) reported prevalence: 15 reported the same prevalence rate regardless of country, 2 reported country-specific rates along with method of prevalence determination, and 3 reported country-specific rates but did not mention how prevalence was determined. The majority of studies reported a prevalence rate of 1:1 million for HoFH and 1:500 for HeFH despite being set in different countries. These rates can be traced to 2 genetic studies published in the 1970s. The first study from Slack identified 7 HoFH UK patients and used the Hardy-Weinberg equation to estimate an HeFH prevalence of 1:500. 13 The second study, by Goldstein adults, although DNA evidence alone is sufficient to diagnose definite FH. The Dutch criteria include similar components in diagnosing adults but use a more granular point-based system that allows for greater diagnostic sensitivity; they are the favored diagnostic criteria in Australia's clinical guidelines. 6 Both the Broome and Dutch criteria are described as acceptable diagnostic criteria by the Ontario Medical Advisory Secretariat HTA. 26 Neither the Simon Broome nor the Dutch criteria make a specific distinction between HoFH and HeFH diagnosis.
Of the articles included in this review, 9 (23.7%) expressed a need for better diagnosis with 5 articles stating that FH underdiagnosis is a problem. 6, 23, [26] [27] [28] Australia's clinical guidelines reported that <10% of FH cases have been diagnosed, 6 while the Ontario HTA stated that only 15% of the cases in Canada are accurately diagnosed. 26 Another problem noted is late diagnosis. The literature suggests that effective treatment for FH requires early identification, yet patients are often diagnosed only after a coronary event. 6, 27, 28 This suggests that increased awareness and earlier screening and diagnosis are needed to improve the prognosis of the pediatric and adolescent FH population. To better meet these unmet needs, multiple groups advocate the use of cascade screening. 29 
LDL-C Apheresis Guidelines
The literature search identified 11 clinical guidelines. Six guidelines (Japan, 4 Australia, 6 National Institute for Health and Care Excellence/UK, 17 Spain, 19 and US 18, 29 ) outlined FH treatment recommendations (Table S2) , while 5 (Germany, 30, 31 UK, 32 and US 5, 29, 33 ) described LDL-C apheresis treatment for hypercholesterolemia (Table S3) .
Although it is widely accepted that patients with HoFH usually require apheresis to reduce LDL-C to target levels, country-specific guidelines vary on when LDL-C apheresis should be used in patients with FH. 4, 5 Japanese guidelines were the most aggressive, recommending LDL-C apheresis as first-line treatment for all patients with HoFH. 4 Other guidelines required that patients with HoFH exceed a specific LDL- Review ArƟcles Journal of the American Heart Association C threshold or are treatment refractory. All guidelines recommend concomitant lipid-lowering therapy along with apheresis to reduce LDL-C levels. For patients with HeFH who are treatment refractory and have cardiovascular disease, all guidelines recommend LDL-C apheresis in combination with lipid-lowering therapies.
Across FH types, LDL-C apheresis treatment eligibility, LDL-C thresholds, target acute LDL-C reduction (LDL-C reduction immediately after an apheresis session), interval LDL-C level (LDL-C level between apheresis sessions), and time-average LDL-C reduction (average LDL-C levels between 2 time points to account for LDL-C rebound after apheresis treatment) were not consistently reported and varied by country when they were reported (Table 1) . [4] [5] [6] 19, [29] [30] [31] [32] [33] LDL-C eligibility thresholds varied from >160 to ≥500 mg/ dL for patients with HoFH and >160 to >300 mg/dL for treatment refractory patients with HeFH. Target acute LDL-C reduction ranged from 55 to 70% across all FH types (HoFH, HeFH, and unspecified FH types). Target interval LDL-C levels/ time-average reductions were defined as percent reductions or as absolute LDL-C levels. Although there was no consensus on treatment targets, a need for generally accepted guidelines for LDL-C apheresis treatment was recognized. 8, 31 For all FH types, guidelines recommend initial concomitant lipid-lowering therapy with statins (combined with ezetimibe in Japanese guidelines) along with apheresis to reduce LDL-C levels. If patients are nonresponsive to statin treatment or require further LDL-C reductions, additional treatment with ezetimibe, niacin, fibrates, or bile acid-binding resins is recommended. There was no evident stratification based on FH type of recommendations for concomitant lipid-reducing medication.
LDL-C Apheresis Treatment Patterns
Actual use of LDL-C apheresis for the treatment of FH is not well described in the literature. Only 6 articles described LDL-C apheresis treatment rates, although estimates were not stratified by FH genotype and may include patients with non-FH-related hyperlipidemia. 7, 8, 16, 27, 30, 34 Reported rates differed widely across countries, and there was ambiguity regarding the denominator (source population from which patients with FH receiving LDL-C apheresis are identified) of these rates; thus, they were assumed to represent annual treatment rates in the general population. In Europe, reported LDL-C apheresis rates were the highest in Germany (12 per 1 million persons), followed by Sweden (3 per 1 million), France and Italy (2 per 1 million), and the United Kingdom (0.6 per 1 million). 32 In the United States, it was estimated that 1.3 per 1 million receive LDL-C apheresis treatment. 7, 16 Worldwide, it was estimated that there are 2500 patients receiving LDL-C apheresis treatment, with 1400 to 1500 of them in Germany. 30 Although only 37 patients in the United Kingdom were receiving LDL-C apheresis treatment in 2007, it was estimated that 200 patients were eligible for treatment. 16, 27, 34 LDL-C apheresis treatment rates were not reported for other countries. Treatment intervals were not stratified by FH type and were generally consistent between countries. The majority of studies (n=13, 68.4%) reported intervals of ≤2 weeks: 4 articles reported weekly LDL-C apheresis, 21,35-37 4 articles reported treatment every 1 to 2 weeks, 9,23,38,39 and 5 articles reported a 2-week interval. 20, 27, [40] [41] [42] Of the studies that reported an interval >2 weeks, the majority reported a 3-to 4-week interval and 1 observational study reported a treatment interval of 8 weeks.
Background lipid-reducing therapy reported to be administered concomitantly with apheresis included statins (simvastatin, lovastatin, atorvastatin, pravastatin, and rosuvastatin), fibrates (gemfibrozil, bezafibrate, and fenofibrate), ezetimibe, and probucol. Background therapies were not stratified by FH type.
The literature suggests that certain treatment barriers may exist, including the invasiveness and duration of the procedure (ranging from 2 to >3 hours), 7, 23 patient burden and quality of life, 6, 8 and cost/resource utilization. 6, 8, 23, 26, 28, 32 Three articles emphasized the disparity between the presumed number of patients who may benefit from LDL-C apheresis and the number of apheresis centers, suggesting that apheresis may be unavailable for patients in need.
7,8,27
Apheresis LDL-C Reduction Efficacy
Acute LDL-C reduction percentages are presented in Table 2 . 9, [20] [21] [22] [23] [24] [25] 27 Reductions were consistent across studies:
9 (64%) reported reductions between 60% and 79%, 4 (29%) reported reductions between 50% and 59%, and 1 (7%) reported an 82% reduction. Only 7 studies assessed patients with HoFH and patients with HeFH separately. While patients with HoFH had higher mean LDL-C levels before and after LDL-C apheresis compared with patients with HeFH, reduction percentages were similar for both patient groups: 57% and 75% and 58% and 63%, respectively. Studies of patients with HoFH reported post-LDL-C apheresis LDL-C levels that ranged from 72 to 148 mg/dL, which were higher than those in studies of patients with HeFH, with a range of 62 to 81 mg/dL. Concomitant lipid-lowering therapies included statins (simvastatin, lovastatin, atorvastatin, pravastatin, and rosuvastatin), fibrates (gemfibrozil, bezafibrate, and fenofibrate), ezetimibe, and probucol, and use of these therapies was not stratified by FH type.
Despite the efficacy of LDL-C apheresis in lowering LDL-C levels, some studies reported that cholesterol concentrations DOI: 10.1161/JAHA.116.003294
Journal of the American Heart Association may gradually increase after LDL-C apheresis treatment and reach pretreatment levels within 2 to 4 weeks. 8, 34, 39 Only 4 studies reported mean interval LDL-C levels (ranging between 102 and 272 mg/dL), with 2 studies reporting a percent interval reduction of nearly 50% (Table 3) . 22, 24, 36, 43 Additionally, 5 studies assessed the LDL-C reduction during an extended follow-up period (range 1-5 years) of LDL-C apheresis treatments, which ranged between 22% and 36% compared with baseline LDL-C levels (Table 4) . 22, 25, 27, 40, 44 There were 5 studies that included children under age 18 in their study population, and of those, 2 studies only included children. These studies reported similar LDL-C reduction compared with studies of adults. Coker et al reported that the mean acute reduction of LDL-C in children with HoFH was 63%. 25 Palcoux et al reported that the mean acute reduction of LDL-C in children with HoFH and HeFH was 72% (results were not stratified by FH type). 20 
Apheresis CVE Reduction
The risk of CVE was calculated in 4 studies with heterogeneous patient populations and varying follow-up periods.
Gordon conducted a retrospective analysis of patients of the US LDL Apheresis Registry and found that patients experienced a 48% decrease in the rate of CVE after apheresis treatment (9.14 CVE before apheresis and 4.72 CVE per 1000 patient-months after apheresis treatment) but did not stratify by FH type. 45 Kolovou et al reported the percentage of event-free survival for 7 years was 67% but did not stratify the analysis on FH type either. In addition, the analysis contains non-familial hypercholesterolemia patients. 23 Sachais et al reported that after treatment with apheresis for an average of 2.5 years, patients with HoFH had a 3.2-fold decrease in CVEs and a >20-fold decrease in cardiovascular interventions. 42 Masaki et al reported that the event-free percentages of major coronary events (cardiac death, myocardial infarction) for patients with HeFH were 94% and 89% at 6 and 10 years, respectively. 24 In Australian guidelines, it is recognized that patients with HoFH should be classified as exceptionally high risk for CVEs because of increased native levels of LDL-C. 6 Studies that included only children reported progression of cardiovascular disease (CVD) during LDL-C apheresis treatment. Coker et al reported that 4 of 10 children had coronary heart disease that persisted after apheresis treatment, with 2 patients dying from aortic stenosis. 25 
Apheresis Safety
The general consensus across studies is that LDL apheresis is well-tolerated and is a safe means of reducing LDL-C. The most common side effects reported were hypotension and nausea/vomitting, which ranged between 0.73% and 5.8% and 1% and 2.6% of apheresis treatments, respectively. 9, 22, 27, 42 Serious side effects such as serious hypotension and allergic reactions occur very rarely: 0.13-1.3% and 0.2-0.4% of apheresis treatments, respectively. 5,9,21 Both hypotension and nausea/vomitting were reported at 0.2% of all treatments in a study that only included children with HoFH. 25 Problems with access site such as central line infections, puncture difficulties, technical problems, and issues with vascular access have also been reported. 23, 26, 27, 46 Cost of LDL-C Apheresis LDL-C apheresis costs were reported for Australia, Germany, France, the United Kingdom, the United States, and Canada, but data sources and cost calculation methodology were often not cited in the articles (Table 5) . 5, 6, 8, 16, 32, 34, 47 LDL-C apheresis costs per session typically ranged between $1617 and $2762 across countries, with no stratification by FH type.
LDL-C apheresis costs in Germany and France were the lowest ($1276-$1392). 8 Lee et al reported a maximum cost of $4403 in the United States. 16 Of the 7 non-HTA articles that reported LDL-C apheresis costs or methodology, only 2 reported a source for cost figures; thus, it is difficult to ascertain the accuracy of reported costs. In contrast, LDL-C apheresis costs in Canada were well documented, and the methodology used to calculate costs was more transparent. The Canadian HTAs calculated costs and analyzed budget impact by considering equipment, maintenance, disposable materials, and physician/nurse costs. 26, 28 Equipment costs were fixed over time and divided into annual costs over 10 years. Maintenance costs were reported annually. Disposable equipment supplies and physician/nurse costs were reported per session. For the 13 patients with HoFH and 115 patients with HeFH in Ontario, Discussion LDL-C apheresis remains a cornerstone in the treatment of patients with HoFH and more severe HeFH as conventional lipid-lowering drug therapies are not adequate to control the high levels of LDL-C in this patient population. However, LDL-C apheresis treatment patterns are not well described by country, and the global disease burden of FH is unclear. This review demonstrates that (1) there is little consensus on LDL-C apheresis treatment recommendations in patients with FH across countries, (2) there is a substantial unmet need in treating patients with FH, and (3) there are considerable barriers in accessing LDL-C apheresis treatment, particularly with respect to cost and availability by geographic location. Difficulties in characterizing FH disease burden is rooted in the lack of actual country-specific prevalence estimates for HoFH and HeFH. The cardinal FH epidemiologic figures most often cited in different countries are population prevalence figures of 1:1 million for HoFH and 1:500 for HeFH. These figures are based on analyses of small subsets of patients and the application of the Hardy-Weinberg equation, which requires a large number of assumptions. Moreover, the source data for these prevalence estimates are from studies published before 1980 and may no longer be applicable. Deviations from conventional prevalence figures have been reported in a recent study of the Danish Civil Registration System. 48 These investigators found that the prevalence of Despite the findings that apheresis is effective in reducing LDL-C levels, methodological issues cause difficulties in drawing conclusions from the study results. One issue is that patients with HoFH and HeFH are often aggregated in analyses. Only 63% of the studies included in this review assessed LDL-C reductions in patients with HoFH and HeFH separately. This lack of stratification by FH type limits the usefulness of study findings and may lead to increased variability in LDL-C apheresis efficacy results. The results presenting the efficacy of apheresis in reducing LDL-C in patients with FH may also be misleading. The studies included in this review indicate that while percent LDL-C reductions for patients with HoFH or HeFH are similar, actual LDL-C levels are still higher in patients with HoFH compared with patients with HeFH. Further, when interval LDL-C reduction and LDL-C reductions over an extended follow-up period are taken into account, the LDL-C reduction of apheresis becomes more modest, which is likely related to the rebound of LDL-C levels after apheresis treatment. 7, 8 While studies demonstrate that apheresis decreases the rate of CVE, the duration of follow-up time reported by these studies may not be long enough to fully capture downstream CVE (range 1-5 years). This may introduce substantial bias and produce lower rates of CVE than if longer follow-up periods were used. Additionally, reduction in CVE is not reported by using either a standard comparison or standard patient population, with 50% of studies reporting CVE reduction as determined by comparing CVE rates in patients with FH before and after apheresis, 25% reported as event-free percentage of major coronary events in patients with FH, and 25% reported as event-free survival with the analysis including patients with FH and those without FH, The rebound of LDL-C after apheresis treatments may require weekly or biweekly apheresis treatments to maintain reduced levels of LDL-C. The frequency of LDL-C apheresis treatments required for patients with FH is a significant barrier given the invasiveness and cost of treatment, which may impact patient quality of life, reduce access to LDL-C apheresis, and thus compound the CVD risk in these patients. [6] [7] [8] 23 LDL-C apheresis is an invasive procedure that spans the length of ≥2 hours, which may be undesirable or inconvenient for patients with FH. Patients may also have difficulty accessing LDL-C apheresis treatment as the availability of LDL-C apheresis is restricted to specialized centers in many countries. LDL-C apheresis equipment, disposable supplies, and requirement of intensive medical staff capacity contribute to the often prohibitive cost of LDL-C apheresis. Because of low availability and high cost, LDL-C apheresis is often restricted to patients with the most severe FH, typically patients with HoFH or severe HeFH who are treatment refractory. Consequently, it may be unethical to withhold LDL-C apheresis treatment from patients with FH who are at high risk of CVD and may benefit from LDL-C apheresis but are ineligible for or cannot gain access to LDL-C apheresis treatment. 28 Given the necessity for lipid-lowering treatments beyond conventional statins in patients with FH, it is crucial that these areas of unmet need be filled to appropriately treat patients with FH. There is a need for conducting more economic analyses (eg, cost benefit, cost effectiveness, health-related quality of life analysis) to compare the longterm costs and tradeoffs associated with LDL-C apheresis versus other available pharmacological treatments for FH. In addition, communicating and disseminating such evidence effectively would lead to better-informed patients and improved patient-centered clinical judgment of their physicians. A potential limitation of this review is that changes in inflammatory and oxidative status and other lipid parameters (eg, apo-B, Lp[a]) resulting from apheresis were not included in this review. The largest meta-analysis of the association between Lp(a) and CVE risk found that for every 3.5-fold higher Lp(a) concentration, the risk of coronary heart disease increases by 13% after adjusting for age, sex, systolic blood pressure, smoking, history of diabetes, and total cholesterol. 49 Although Lp(a) reduction appears to be associated with CVE risk based on meta-analyses of observational research, the causal link between Lp(a) reduction and CVD prevention and treatment requires evidence from randomized controlled trials. 50 To date, there have been no randomized controlled trials s published that assessed the effect of reducing Lp(a) on CVE risk or CV mortality. [51] [52] [53] Another issue
is that Lp(a) levels vary widely across gender and ethnicities. 54 Thus, it is difficult to interpret the results of Lp(a) reduction studies without better characterization of Lp(a) levels and CVE risk across different ethnicities. 50, 54 Additionally, efficacy and safety outcomes of FH apheresis studies were not generally stratified by FH type (Ho, He, unspecified), and further exploration of FH apheresis outcomes by FH type may be required. Future research should build on this systematic literature review and include a meta-analysis to quantitatively summarize the evidence of LDL-C apheresis for the treatment of FH. During the timeframe in which this review was conducted, country-specific guidelines contained varied recommendations for apheresis treatment thresholds, intervals, and LDL-C targets. Fortunately, recently published European consensus papers and an international FH consensus paper provide a foundation for standardization of FH apheresis treatment across countries. 1, 3, 55 However, as mentioned in the American Heart Association's scientific statement regarding the agenda for FH, limitations exists in current available diagnostic schemas; country-specific models of care for FH are required to increase FH awareness and treatment. 2 In addition, several unmet needs remain to be addressed. While observational and non-randomized trials have shown that LDL-C reduction with apheresis treatment is associated with decreased CVE, randomized controlled trials are needed to confirm these findings. CVEs may have been triggers for the initiation of LDL-C apheresis in some patients; therefore the apheresis CVE reduction comparison summarized in this study may not be representative of the actual CVE reduction efficacy of apheresis. Observational and non-randomized trials also typically have short follow-up periods so studies with longer follow-up periods (ie, more than 10 years) will need to DOI: 10.1161/JAHA.116.003294
Journal of the American Heart Association be conducted to assess the long-term efficacy and confirm the safety of apheresis treatment for FH. Finally, other treatment modalities for FH should be explored as the costs, availability, and duration of sessions may be substantial barriers for some patients. Novel LDL-C lowering treatments may also be needed as many patients on apheresis and standard lipid-lowering drugs continue to experience progressing CVD.
